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Introduction {#sec1}
============

Observance of domesticated animals provided Darwin insights that contributed to the conceiving of the theory of evolution ([@bib8], [@bib9]). Modern comparative genomics further contributes to our understanding of the molecular dynamics underlying evolution, character displacement, adaptation, and formation of species (e.g., Darwin\'s Finches) ([@bib28], [@bib29], [@bib30]). Microevolution, in particular, is concerned about the changes within or among populations or within species over a relatively short time interval ([@bib20]), which not only can be used to investigate basic evolutionary questions such as evolutionary patterns, convergence, and determinism of different traits but also can identify the impacts of artificial or natural selection ([@bib20]).

After only a few decades, intensive selection and breeding has resulted in unprecedented efficiency and performance of animal production systems ([@bib13], [@bib23], [@bib21], [@bib22]). However, the underlying molecular mechanisms contributing to the increased efficacy of animal production systems remain largely unknown. Recently, experimental evolution coupled with genome sequencing has been adopted as a powerful approach for evolutionary studies ([@bib4], [@bib32], [@bib42], [@bib17], [@bib31]). However, the majority of evolutionary studies implementing genome sequencing have focused on lower organisms (e.g., bacteria, yeast, and fruit fly) and have been retrospective or used single time point to characterize dynamic changes in allele frequencies. Retrospective or single point in time studies are not able to fully distinguish between adaptive "driver" and non-adaptive "passenger" genomic variants. For domestic animals, a number of selective sweeps were identified in chickens ([@bib41]), pigs ([@bib40]), dogs ([@bib3]), or rabbits ([@bib6]), and recent functional annotation of genomic elements ([@bib2], [@bib7]) further reveal the molecular clues underlying phenotypic diversification ([@bib36]) and convergent selection ([@bib1]). An understanding of genome dynamics, within a microevolutionary framework, might improve our understanding of the genetic basis for complex traits ([@bib45], [@bib37], [@bib15], [@bib34]).

In broiler chickens, substantial improvements have been made in the selection of strains with high rates of growth. However, rapid growth of broiler chickens is generally accompanied by rapid increase in abdominal fat, which has low commercial value and decreases feed efficiency ([@bib11]). To investigate genetic mechanisms of fat deposition, we constructed two broiler lines divergently selected for abdominal fat content (AFC) over 19 generations since 1996. Tackling the microevolutionary dynamics of chicken genomes under divergent selection for adiposity over the 19-year timeline might improve our understanding of the genetic basis for fat deposition. A similar experimental design has previously been used to investigate body weight of chickens resulting in the ultimate selection of the high-weight selected (HWS) and low-weight selected (LWS) Virginia lines ([@bib39]). Adaptive allele dynamics in generation 53 of LWS and HWS lines were investigated and results indicated that existing genetic variations of the founder population made significant contributions to their selection and were as important as novel mutations ([@bib39]). Furthermore, [@bib12] confirmed that pre-existing genetic variants and major novel mutations influenced body weight of generation 54 of LWS and HWS lines. However, the latter study has not explicitly explored the contributions by novel mutations using birds from an Advanced Intercross Line (AIL) bred from generation S40 parents from the HWS and LWS lines ([@bib43]). Competing theories related to the role of mutations in selection responses have also been proposed ([@bib23], [@bib33], [@bib4], [@bib21], [@bib22], [@bib27]). Therefore, the contribution of novel mutations to phenotypes remain unanswered.

In the current study, we performed a large-scale 15 generations genome sequencing on chicken lines divergently selected for AFC for 19 generations, coupled with a sequencing-based genome-wide association study (GWAS) and multi-omics analyses to investigate the dynamic changes of chicken genome under artificial selection.

Results {#sec2}
=======

Genome Dynamics during Microevolution {#sec2.1}
-------------------------------------

The birds used in this study were selected from two broiler lines divergently selected for AFC over 19 generations (one generation per year) since 1996. A total of 60 pooled DNA samples (60 = 15 generations×2 sexes×2 lines) were collected over 15 generations (G4--G18). Each pooled sample consisted of 8--35 male birds or 27 to 138 female birds collected between G4 and G18 (3,642 birds in total, [Table S1](#mmc2){ref-type="supplementary-material"}). Samples were sequenced to an average depth of 30.53-fold, and ∼2.35 Tb (terabases) high-quality data (medium 95.53% bases ≥ Q20) were generated ([Figure S1](#mmc1){ref-type="supplementary-material"} and [Table S2](#mmc3){ref-type="supplementary-material"}). Stringent variant calling produced millions of single-nucleotide polymorphisms (SNPs) and insertion/deletion (InDel) polymorphisms ([Tables S3](#mmc4){ref-type="supplementary-material"}A and S3B). Both fat and lean lines had 12.32 million SNPs and approximately 1.60 million and 1.58 million InDel polymorphisms for the fat and lean lines, respectively.

Comparison of the two chicken lines demonstrated striking phenotypic differences in the continuous and directional selection of adiposity (p \< 0.05) ([Figures 1](#fig1){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}). In addition, we investigated how chicken genomes changed dynamically by testing the changes in heterozygosity of the lean line (LL) and fat line (FL) between G4 and G18, which decreased significantly from 0.57% and 0.56% of G4 to 0.44% and 0.45% of G18 in LL and FL, respectively (p = 0.04, paired t test). Rates of heterozygosity between FL and LL within each generation from G4 to G18 did not significantly diverge (p value = 0.39, paired t test) ([Figure 1](#fig1){ref-type="fig"}B). A significant reduction in rates of heterozygosity was detected via linear regression (p = 8.744 × 10^−5^ (FL) and 9.926 × 10^−7^ (LL), *F*-statistic, [Figure S3](#mmc1){ref-type="supplementary-material"}). Comparison of allele frequency differences (△AF) demonstrated that the number of SNPs associated with population genetic differentiation (△AF ≥ 0.8) increased sharply from G9 onward and was closely correlated with the pattern of selection responses (Pearson\'s correlation coefficients: △AF and AFC were 0.91 (FL) and −0.95 (LL), [Figure S4](#mmc1){ref-type="supplementary-material"}), indicating that selection could recruit genomic variants to drive the phenotypic improvement. Furthermore, we investigated patterns of dynamic changes in allele frequency differences, by clustering positively selected SNPs over generations, and identified five main groups. Allele frequencies of two groups (I and IV) increased consistently throughout all generations, whereas the other three groups (II, III, and V) initially increased and then decreased ([Figure S5](#mmc1){ref-type="supplementary-material"}). Thus, divergent selection acted dynamically on different genomic regions/loci impacting phenotypes across generations.Figure 1Genome Dynamics during the Microevolutionary Process(A) Phenotypic differences between fat (FL) and lean (LL) lines. Chickens from the same base population were selected divergently for abdominal fat percentage (AFP) over 19 generations, while maintaining similar body weights at 7 weeks of age ([Note S1](#mmc1){ref-type="supplementary-material"}).(B) Genome heterozygosity decreased in both lines.(C) Genome divergence between chicken lines indicated by increasing *F*~ST~ and decreasing IS values.(D) Genomic changes within the fat and lean chicken lines, as indicated by increasing *F*~ST~ and decreasing IS values.(E) Genomic regions under selection based on sequencing of pooled-DNA samples over 15 generations (G4--G18). The line below G4 presents genes significantly differentially expressed in abdominal fat tissue by RNA sequencing.

Genomic Regions under Positive Selection {#sec2.2}
----------------------------------------

Identity score (IS) and fixation index (*F*~ST~) were calculated using a sliding-window approach (40-kb windows sliding in 20-kb steps). Between fat and lean lines, *F*~ST~ increased but IS decreased from G4 to G18 ([Figure 1](#fig1){ref-type="fig"}C), whereas the opposite trend was found within both fat line and lean line ([Figure 1](#fig1){ref-type="fig"}D). Divergent selection thus increased between-line but reduced within-line genomic differences.

To investigate if genomic regions were subject to directional selection for each generation, we analyzed overlapping genomic windows that had high IS and *F*~*ST*~ values (top 5%). We observed divergent changes between and within the fat and lean lines ([Table S4](#mmc5){ref-type="supplementary-material"}, [Figures 1](#fig1){ref-type="fig"}D and [S6](#mmc1){ref-type="supplementary-material"}), in 11,409 regions on chromosomes 1--8, accounting for 80% of the genome across the 15 generations ([Figure 1](#fig1){ref-type="fig"}E). Multiple peaks observed on chromosomes 1, 2, 13, 19, or 26 covered large regions of the genome ([Figure 1](#fig1){ref-type="fig"}E) and contained genes potentially under selection. Chicken-human genome co-linearity analysis of the positively selected regions identified a number of genes and one conserved lncRNA ([Table S5](#mmc6){ref-type="supplementary-material"}). Identified candidate genes in the selected regions were enriched in pathways related to adipose tissue growth across generations, such as biosynthesis and metabolism of fatty acids and ribosome ([Figure S7](#mmc1){ref-type="supplementary-material"}).

Identification of Genes under Selection {#sec2.3}
---------------------------------------

To distinguish genomic regions under selection from those impacted by genetic drift, a linear regression model was fitted to the 15 generations genome sequencing data ([Transparent Methods](#mmc1){ref-type="supplementary-material"}) to identify genome regions subject to consistent selection over generations. Between-line comparison identified 1,068 genes (23.52-Mb region), and within-line analysis identified 897 annotated protein-coding genes (23.34 Mb) and 842 annotated protein-coding genes (22.80-Mb region) for the fat and lean lines, respectively ([Figure 2](#fig2){ref-type="fig"}A and [Tables S6](#mmc1){ref-type="supplementary-material"} and [S7](#mmc8){ref-type="supplementary-material"}). Furthermore, the fixed divergent variations (delta allele frequency ≥0.95) were used to refine the gene list to 491 genes (17.32 Mb) between-line comparison and 288 (11.20 Mb) and 235 genes (9.52 Mb) in the fat and lean lines, respectively. Subsequent gene enrichment analysis of these identified genes identified enriched biological pathways important for adipose tissue growth and development, such as the p53 signaling pathway, cell cycle, cytokine-cytokine receptor interaction, MAPK (mitogen-activated protein kinase) signaling pathway, GnRH (gonadotropin releasing hormone) signaling pathway, cell adhesion molecules (CAMs), and steroid hormone biosynthesis ([Table S8](#mmc9){ref-type="supplementary-material"}).Figure 2Linear Regression Analysis Detects Variants under Consistent Selection(A) Stringent linear regression analysis of time-series changes in allele frequencies. Variants detected to be under positive selection located in genes potentially important for AFP, such as *PCSK1*, *LCORL*, and *MBL2* (this gene also identified by GWAS). Top and bottom panels, plots for genomic regions containing significant allele frequency changes detected between the fat and lean chicken lines, using *F*~ST~ and IS values calculated by comparing each line within the same generation. *K*\_IS and *K*\_*F*~ST~ showing regression coefficient of linear regression analysis for IS and *F*~ST~ values, Genes in black, in common pathways shared by male and female chickens; gray, sex-specific genes.(B) Detailed regional plots for three genes across 15 generations under consistent and directional selection, *LCORL*, *MBL2*, and *PCSK1* (IS, chartreuse; *F*~ST~, purple). Vertical brown lines indicate coding sequence regions of target genes.

Furthermore, we analyzed SNPs with allele frequencies that continuously increased or decreased across generations in the fat and lean lines ([Tables S9](#mmc10){ref-type="supplementary-material"} and [S10](#mmc11){ref-type="supplementary-material"}) and discovered that the genes related with these SNPs were enriched in neural system development, including cholinergic receptor muscarinic 2 (*CHRM2*), gamma-aminobutyric acid type A receptor subunit gamma1 (*GABRG1*), RasGEF domain family member 1A (*RASGEF1A*), and neuromedin U (*NMU*), implying the involvement of neural system in adipose tissue growth and development.

Interestingly, the genes involved in adipose tissue and neural system development were positively selected, such as ligand dependent nuclear receptor corepressor like (*LCORL*), proprotein convertase subtilisin/kexin type 1 (*PCSK1*), and mannose binding lectin 2 (*MBL2*) ([Figures 2](#fig2){ref-type="fig"}A and 2B). Previously, the *PCSK1* gene was identified for its preferential selection in the breeding of broiler chickens ([@bib50]) and associations with abdominal fat weight and percentage in two populations of broiler chickens ([@bib51]). *PCSK1* was highly expressed in neuroendocrine and intestinal tissues in broiler chickens ([@bib51]) and thus might contribute to the regulation of fat deposition via the neural and digestive systems. The *MBL2* gene was associated with diabetes and affected mannan-binding lectin levels ([@bib5]). In addition, the *LCORL* gene was associated with average daily gain and body stature ([@bib48], [@bib52]).

Next, we performed GWAS by sequencing 330 male birds from the G19 population (160 and 170 from the fat and lean lines, respectively) to an average coverage of 5.3-fold ([Table S11](#mmc12){ref-type="supplementary-material"}) and generated ∼2.19 Tb of sequences ([Figure S1](#mmc1){ref-type="supplementary-material"}). Overall, 7.07 million high-quality SNPs were obtained and were mainly located in the intergenic and intronic regions ([Figure S8](#mmc1){ref-type="supplementary-material"} and [Table S12](#mmc13){ref-type="supplementary-material"}). All birds could be separated clearly into two clades ([Figures 3](#fig3){ref-type="fig"}A--3C), and similar linkage disequilibrium (LD) decay rates were observed in chickens from both fat and lean lines ([Figure 3](#fig3){ref-type="fig"}D). Furthermore, 226 significant quantitative trait loci (QTL) regions were detected (p \< 10^−6^) for abdominal fat percentage (AFP) using a mixed linear model ([Methods](#sec4){ref-type="sec"}) ([Figure 3](#fig3){ref-type="fig"}E and [Table S13](#mmc1){ref-type="supplementary-material"}). These regions contained 254 genes, of which 49 genes were common to those identified via the 15 generations genome sequencing selective sweep analyses (both within- and between-lines) ([Table S14](#mmc15){ref-type="supplementary-material"}). Three genes, *URI1* (URI1 prefoldin like chaperone), *CHAT* (choline O-acetyltransferase), and *MBL2* were located in the most significant regions (p \< 10^−8^) ([Figures 3](#fig3){ref-type="fig"}E--3I). *URI1* was located in lysosomal lumen and crucial for autophagy ([@bib19]). In addition, *URI1* could integrate the nutrient surpluses signal to hepatic inflammation and induce neutrophil infiltration into white adipose tissue, resulting in insulin resistance and release of fatty acids into liver ([@bib19]). Furthermore, *URI1* might function through the autophagy pathway in the hepatic tissue and plays a role in adipogenesis via a tissue cross-talk fashion ([@bib16]). Moreover, *CHAT* and *MBL2* were common genes identified by both GWAS and 15 generations genome sequencing ([Table S14](#mmc15){ref-type="supplementary-material"}). As mentioned previously, *CHAT* knockout mice reduced the body weight via regulation of food intake in the dorsomedial hypothalamus ([@bib24]). In addition, *CHAT* might regulate the activity of the enteric nervous system ([@bib14], [@bib46]) and is aberrantly expressed in the brain of obese rats ([@bib18]). *MBL2* is associated with diabetes as it affects levels of mannose-binding lectin ([@bib5]), which function via recognition and clearance of apoptotic adipocytes by macrophages infiltrated into adipose tissue ([@bib47]). Thus, by combining our 15 generations genome sequencing and GWAS results, we observed that genes involved in autophagy (*URI1*, *MBL2*) or neural system (*CHAT*) pathways could contribute to the striking differences in adipose tissue growth and development between the fat and lean lines.Figure 3A Sequencing-Based Genome-Wide Association Study on AFP(A) Rooted neighbor-joining phylogenetic tree using the neighbor-joining method. The reliability of each branch was evaluated by bootstrapping with 1,000 replicates.(B) Principal component analysis. The fractions of the variance explained were 20.98%, 1.42%, and 1.39% for eigenvectors 1, 2, and 3, respectively (p \< 0.05, Tracy-Widom test).(C) Genetic structure of fat and lean lines. The length of each colored segment represents the proportion of the individual\'s genome from K = 4 ancestral populations.(D) LD decay determined by squared correlations of allele frequencies (r^2^) against distances between polymorphic sites in fat and lean lines.(E) Manhattan plot for abdominal fat percentage (AFP). The dotted line indicates the significantly associated threshold of P \< 10^-6^.(F and G) Detailed overview of the associated regions containing CHAT (left) and URI1 (right), respectively. Plots show the association of SNPs with abdominal fat percentage (AFP) according to their chromosomal position. Different colors represent the linkage disequilibrium (R^2^) between the top SNP and all remaining SNPs.(H and I) Box plots for abdominal fat percentage (AFP), based on SNP genotypes of CHAT (left) and URI1 (right), respectively. In the box plots, the center line denotes the median, box limits are the upper and lower quartiles, and whiskers mark the range of the data. FL and LL indicate fat line and lean line, respectively.

Function and Fate of Novel Mutations {#sec2.4}
------------------------------------

To investigate if novel mutations contribute to the improvement of complex traits and thus if they are favored by positive selection, we first characterized the occurrence of novel mutations in the two chicken lines. Novel mutations (0.28% of all identified SNPs) were detected by comparing each allele at all identified SNP sites over all generations ([Figures S9](#mmc1){ref-type="supplementary-material"}A, S9B and [Tables S15](#mmc16){ref-type="supplementary-material"}, [S16](#mmc17){ref-type="supplementary-material"}, [S17](#mmc18){ref-type="supplementary-material"}, and [S18](#mmc19){ref-type="supplementary-material"}) ([Methods](#sec4){ref-type="sec"}). Novel mutations contained nucleotide transitions (69.34%) and nucleotide transversions (30.66%), suggesting that A-G or C-T mutations were common ([Figure 4](#fig4){ref-type="fig"}A). Of the identified novel mutations (total of 941,430), 4,590 mutations resulted in amino acid changes ([Figure S10](#mmc1){ref-type="supplementary-material"}), of which the most frequent (7%) amino acid change was between alanine (Ala) and threonine (Thr).Figure 4Mutations Detected to be Positively Selected(A) Major types of mutation were nucleotide transitions (A-G, or C-T). The fat line had more mutations than the lean line.(B) Heatmap showing mutations divided into three groups, beneficial, neutral, and deleterious.(C) *PCSK1* gene mutations. Novel mutations existed in *PCSK1* were under positive selection in the two chicken lines. Allele frequencies of one non-synonymous mutation in exon 13 (Ala627Val) (red arrow) show divergent trends in the two lines.

We further investigated the function and fate of the identified novel mutations. Allele frequencies of most novel mutations of G18 were relatively high ([Figure S11](#mmc1){ref-type="supplementary-material"}). Based on the changing patterns of allele frequencies, mutations were classified into three groups: increasing, randomly changing, and decreasing over time for the fat and lean lines, respectively ([Figure 4](#fig4){ref-type="fig"}B). Alleles related with low-abdominal-fat content increased in the lean line and decreased in the fat line over the generations. In contrast, alleles associated with high AFC increased in fat line and decreased in lean line, whereas alleles that have no effect on AFC changed randomly. Therefore, SNPs with allele frequencies that increased or decreased contributed positively or negatively to changes in phenotypes. GWAS analysis further demonstrated that novel mutations contributed 0.53% to the phenotype variance, whereas preexisting variations contributed 99.47%. Very few novel mutations (∼5% of all identified SNPs) were under positive selection, as demonstrated via linear regression model. The *PCSK1* gene was consistently selected for and is closely related to fat deposition in broiler chickens as mentioned above, and one novel mutation (C to T) in exon 13 causing the change of amino acid (alanine to valine) in a conserved domain was discovered ([Figure 4](#fig4){ref-type="fig"}C). The T allele frequency of this novel mutation was similar in the lean line (0.75) and fat line (0.71) in G4; however, after several generations of artificial selection on AFC, TT was fixed (allele frequency = 1.00) in fat line and CC was fixed in lean line. Apart from the SNPs consistently and positively selected in *PCSK1* gene ([@bib51]), this amino-acid-change mutation was also positively selected and contributed to phenotypic differences between the two chicken lines ([Figures 2](#fig2){ref-type="fig"}B and [4](#fig4){ref-type="fig"}C). Results of our study suggested that, after 19 generations of artificial selection, not only standing genetic variants but also novel mutations contributed to the genetic modulation of complex phenotypes and provided empirical evidence about the role of mutations in microevolution.

Discussion {#sec3}
==========

Molecular mechanisms underlying the genetics and evolution of complex trait are determined by the etiology of the specific trait ([@bib8], [@bib9]), affected by both genetic and environmental factors ([@bib13], [@bib20]). However, our understanding of genetic heterogeneity of populations and the complex development of traits require improved genetic models and experimental designs. The divergently selected chicken lines for abdominal fat content over 19 generations demonstrated striking differences in adiposity between fat and lean lines and provided insights into the growth and development of adipose tissues. In the current study, integration of 15 generations genome sequencing, a sequencing-based GWAS and comprehensive genomics approaches enabled us to reveal the dynamic processes of microevolution of chicken genomes under selection for adiposity.

Overall, our results demonstrate that, during breeding, phenotypic selection initiates accumulation and combination of preexisting genomic variations that contribute to phenotypic changes. Modern intensive molecular breeding of animals likely benefits from the same underlying principle ([@bib41], [@bib40], [@bib3], [@bib6], [@bib31]). Moreover, in addition to preexisting genomic variations that influence complex phenotypes, novel mutations also contribute to phenotypic changes, as demonstrated in the present study and previous reports ([@bib12], [@bib39], [@bib49]). These results might explain why fat line, which had greater numbers of mutations, did not reach a selection plateau after 19 generations of continuous selection. In both animal and plant breeding practices, it is well known that even as intensive selection continues over a long time, genetic variation is not depleted, and genetic progress is still possible ([@bib23], [@bib21], [@bib22]). As for the lean line, the slower rate of selection observed might be due to the fact that adipose tissue is essential to the proper functioning of the endocrine and physiological systems ([@bib26]).

Chicken can be used as a model for human obesity ([@bib25], [@bib44]), and by integrating different methods (15 generations genome sequencing, GWAS, functional genomics), we identified a common set of important molecular circuits to adipogenesis ([Figure S12](#mmc1){ref-type="supplementary-material"}), e.g., neural system (*CHAT*, *PCSK1*), autophagy, and lysosome (*URI1*, *MBL2*). Similar to human obesity, which is under the control of complex neural, gastrointestinal, endocrinal, and metabolic networks ([@bib10], [@bib35], [@bib38]), chicken adiposity is also subject to complex control by genetic and epigenetic factors ([Figure S12](#mmc1){ref-type="supplementary-material"}). As such, adipose functional genomics only ([Figures S13](#mmc1){ref-type="supplementary-material"} and [S14](#mmc1){ref-type="supplementary-material"}) was insufficient to fully validate the positively selected genes identified by genome sequencing. For example, *URI1* and *PCSK1* were not differentially expressed in abdominal fat tissues between the two chicken lines ([Table S19](#mmc20){ref-type="supplementary-material"}).

Results of the 15 generations genome sequencing and integrative omics analyses provide new insights into the genetic architecture of adiposity in vertebrates and contribute to advances in animal breeding and the understanding of human obesity and related metabolic diseases.

Limitations of the Study {#sec3.1}
------------------------

The chickens used in this study were selected for AFC over 19 years, which can be considered long term for vertebrates but short for invertebrates such as Drosophila. The two chicken lines will continue to be bred and selected based on AFC, and more research will be carried out.

Resource Availability {#sec3.2}
---------------------

### Lead Contact {#sec3.2.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hui Li (<lihui@neau.edu.cn>).

### Materials Availability {#sec3.2.2}

This study did not generate new unique reagents.

### Data and Code Availability {#sec3.2.3}

The accession numbers for the genome re-sequencing data reported in this paper are NCBI SRA: PRJNA353057 and PRJNA354990. Other data that support the findings of this study are available from the corresponding authors on request.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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